This study evaluates a long-term monitoring dataset recording the pelagic rotifers of Upper Lake Constance (ULC) over almost 50 years. The same period has seen profound changes in trophic conditions in the lake, with total phosphorus concentrations rising from 18 μg L −1 in 1963 to 84 μg L −1 in 1984, and then declining back to 6.3 μg L −1 by 2012. A severe bias identified in calculations for density and abundance was successfully controlled using a density function for vertical rotifer distribution developed from a supplementary dataset. Six out of 21 genera were lost from the rotifer assemblage during eutrophication phase and failed to re-appear when oligotrophic conditions were restored. From 2007 onwards, individuals of the remaining rare genera remained scarce, while densities of the dominant genera increased significantly when phosphorus levels declined. Unlike other water bodies, and in contrast with the situation prior to eutrophication, the diversity of ULC rotifers today correlates negatively with trophic state. Grazing pressure exerted by both rotifer and crustacean communities decreased with increasing P concentrations indicating increasing top down control. Surprisingly, however, since 2008, the influence of dominant rotifers has even exceeded that of crustacean grazers with likely implications for the entire pelagic food web.
such as Daphnia (Gilbert, 1988 (Gilbert, , 1989a Wickham and Gilbert, 1991) or by predation pressure from vertebrate (DeVries and Stein, 1992) and invertebrate predators (Devetter and Seďa, 2006) . In contrast to the numerous investigations of the phytoplankton and crustacean assemblages of Lake Constance, relatively few studies have focussed on the rotifer population (Imhof, 1892; Hofer, 1896; Kuttner, 1922; Scheffelt, 1927; Koch-Althaus, 1962; Walz et al., 1987; Pauli, 1989 Pauli, , 1991 Plaβmann et al., 1997) . The long-term dataset presented here details the phenology of the pelagic rotifer community in Upper Lake Constance (ULC) and originates from a monitoring programme carried out by the IGKB (www.igkb.org) over a 50 year period in which the predominant ecological narrative has been one of the drastic trophic changes (Stich and Brinker, 2010) .
The aim of the present analysis was to depict the rotifer response to this full cycle of trophic conditions in terms of abundance, biomass, diversity and grazing ecology, with special focus on ecological resilience.
M E T H O D
The central monitoring station of the IGKB (Fig. 1) is located in the deepest part of ULC. Data on pelagic zooplankton, including rotifers and crustaceans, were collected here from 1963 to 2012, with a 17-year hiatus from 1971 to 1988 and a second, 12 month break in 1991.
A number of methodological variations over time required evaluation and adjustments to the data. Up until 1984, samples from the monitoring study were routinely preserved with 4% formalin, and from 1984 onwards with sugar-formalin (Haney and Hall, 1973) . Further variations over time include differences in the depth and temporal frequency of sampling, type and mesh size of netgear, and taxonomic resolution. For the most part, these changes reflected the evolving objectives of monitoring, and often accompanied changes in personnel officiating over data collection (cf. Table I) . The depth at which rotifers were sampled changed from 0 to 50 m in the years before 1971 and 2010-2012 to 0-30 m thereafter. A supplementary survey carried out at LangenargenArbon in 1985 (cf. Table I ) gathered much more highly resolved data in terms of vertical distribution, and this vertical information was used to develop a function for depth density allocation of rotifers. This density function was then applied to calculate a mathematically standardized sampling depth of "0-50 m" from the main body of density data. In the absence of suitable data for correcting the effects of different sampling gear and mesh size (cf .  Table I ), these were statistically investigated using forward regression with minimum BIC as selection criteria followed by a GLM for selected variables. Individuals per unit volume (Ind L −1 ) were calculated according to the formula: for each depth weighted stratum (Hauser, 1981) . Ind L −1
were converted to individuals m −2 by multiplying the density estimates with the applied sampling depth. Diversity index was calculated as H' (Shannon-Weaver index) according to Shannon and Weaver (1949) . Differences in temporal frequency of sampling were controlled by calculating monthly averages. Taxonomic differences were controlled by subsuming all species at the genus level. Having assigned all species of rotifer to genus groups, feeding styles were ascertained according to Obertegger and Manca (2011) and ratios of herbivorous to carnivorous and microphagous to raptorial taxa were calculated. For each herbivorous taxon, average grazing rates were determined using data available in the literature and combined to estimate community grazing rates for the phylum Rotifera (Bogdan et al., 1980; Sanders et al., 1989; Lair, 1991; Hlawa and Heerkloss, 1994; Walz, 1995; Stelzer, 1998; Ciros-Pérez et al., 2001; Agasild and Nöges, 2005) . Dry weight was calculated on a taxon-specific basis using data from the literature (Dumont et al., 1975; Bottrell et al., 1976; Pauli, 1989; Michaloudi et al., 1997) . A similar calculation was carried out for the subphylum Crustacea using data from the same study. Outliers were identified using the Cauchy distribution, applying a multiplier of 4. Samples were counted using an inverted microscope with magnification (20×) and a taxonomical classification was done (Ruttner-Kollisko, 1972; Voigt and Koste, 1978) .
All statistical analyses were performed with JMP Pro 13 (SAS Institute). 
R E S U L T S
Inspection of the data revealed a significant bias relating to the vertical distance of the net haul (Fig. 2) . The effect stems from the uneven vertical distribution of taxa, such that the vertical distance travelled by the sampling net exerts a distinct effect on the resulting density and abundance values. This bias was addressed using a specially developed probability density function which attributed distribution values for all relevant sample depths ( The pelagic rotifers identified in the survey data were assigned to abundance groups according to their recorded densities as follows: high (ind m −2 > 10): Conochilus, Keratella cochlearis, Polyarthra, Synchaeta); medium (2 > ind m −2 < 10): Ascomorpha, Asplanchna, Gastropus, Kellikottia longispina, Keratella quadrata, Pompholyx, Trichocerca; and low (ind m −2 < 2): Anuraeopsis, Brachionus; Cephalodella, Collotheca, Colurella, Euchlanis, Filinia, Lecane, Notholca, Ploesoma abundances (Fig. 4) . The list of identified taxa agrees with that of Walz et al. (1987) (Table II) .
The results show that from 1963 to 2012, the number of rotifer genera recorded in the pelagial of Lake Constance declined (Fig. 3) significantly from 21 to 15 (GLM, P < 0.0001). There was no observable effect of changes in sampling gear or investigator (GLM, P > 0.05). Almost all the taxa of rotifers that had disappeared, like the genera Anuraeopsis, Brachionus, Colurella, Cephalodella and Lecane, belong to low abundance groups (Fig. 4) . Consequently, this is reflected in the general rotifer diversity H', which dropped from 2.4 to 1.9 (P < 0.001) in the same period (Fig. 3 ). Polyarthra major
Up until 1971, average monthly rotifer densities ranged between 100 and 400 Ind mL −1 (Fig. 5a) , with maximum values exceeding 500 Ind mL −1
. These values were in the same range when investigations resumed in 1989. A decline in density was first recorded in 1992, followed by a second drop in 1997. Values then oscillated at low levels until 2010, when densities of most species rallied to 1960s levels. After this dramatic recovery, densities immediately declined again, but remained higher than those recorded during the height of eutrophication from 1997 to 2009 (Fig. 5a ). Both the 2010 explosion and the later high densities are attributable to significant (P < 0.0001) increases in the commonest species. Low abundance species, on the other hand, continued to decline (P < 0.0002), and by the end of the study period, six of the original 21 genera had disappeared (Fig. 3) . Mean annual densities of individuals showed a corresponding development, with the highest densities (above 100 Ind L Interannual and seasonal oscillations over time correlate with variations in overall density. Both were exceedingly low during the period 1997-2009 (Fig. 5a ). The high peak densities, especially those recorded during the explosive recovery in 2010, prompted a review of raw data, but no errors were found.
The rotifer taxa recorded by the study belong to different feeding guilds. Overall, the ratio of herbivorous to carnivorous genera recorded over the monitoring period (average ratio 14.8 ± 3.8) showed a slight negative trend.
The trend was not statistically significant (P = 0.14) but variation increased more than fivefold (coefficient of variation 1963-71:6.7% and 1989-2012:32 .0%). A non-significant increase was observed (P = 0.059) in the ratio of microphagous to raptorial genera (average ratio: 0.74 ± 0.47 SD), but interannual variations were exceptionally high (coefficient of variation 1963-71:18.5% and 1989-2012:57.4%) .
Before 1970, the annual average community grazing rate of crustaceans consistently exceeded 1.0 × 10 4 ml h −1
and ranged up a maximum of 2.9 × 10 4 ml h −1 (Fig. 6 ). Subsequently however, crustacean community grazing rates continued to decline, and at no time, after 2009 did values exceed 0.25 × 10 4 ml h −1
. The initially high interannual variations also declined to almost negligible values (Fig. 6) . For herbivorous rotifers, grazing rates and interannual variation broadly tracked those of crustaceans, albeit at about one-third of magnitude, until around 2005, when increases began to be observed in both rotifer community grazing and interannual variation. From 2009 onwards, rotifer grazing rates clearly exceeded those of crustaceans, with average annual grazing rates in this period for crustaceans ranging from 0.0387 × 10 4 to 0.0895 × 10 4 ml h 
D I S C U S S I O N
The pronounced reversing changes observed in the trophic condition of ULC have been described in numerous papers 1 9 6 1 1 9 6 5 1 9 6 9 1 9 7 3 1 9 7 7 1 9 8 1 1 9 8 5 1 9 8 9 1 9 9 3 1 9 9 7 2 0 0 1 covering the eutrophication and oligotrophication phases of recent decades (Sommer et al., 1993; Kümmerlin, 1998; Straile and Geller, 1998; Stich and Brinker, 2010; Jochimsen et al., 2013) . However, despite the status of rotifers as an abundant and taxonomically diverse metazoan group, their response to trophic change in ULC has never been investigated. This is particularly surprising, given the significant grazing impact of rotifers on phytoplankton, their importance as a food resource for invertebrate and vertebrate predators, and their exceptional sensitivity to environmental change (Obertegger and Manca, 2011) . The present monitoring data on pelagic rotifers span both eu-and oligotrophication phases of ULC, with a gap from 1971 to 1988 and another gap in 1991. It is unfortunate that the data of Walz et al. (1987) (Walz et al., 1987) as well as the biomass and production data of Pauli (1989 Pauli ( , 1991 do not adequately address the gap. However, since rotifers respond rapidly to environmental changes (Makarewicz and Likens, 1979; Bergquist et al., 1985) , the data series at hand offers an excellent insight into the evolving conditions in the pelagic ecosystem of the lake, assuming issues of consistency and comparability resulting from differing methodologies and sampling techniques can be overcome (Likens and Gilbert, 1970; Langeland and Rognerud, 1974; De Bernardi, 1984; Masson et al., 2004; Chick et al., 2010) . Despite considerable attention to quality control during the monitoring decades, statistical inspection of the time series identifies sampling procedure and experimenter changes as the factors with the highest effect strength. Two measures were necessary to overcome these biasing issues. The first measure was to reduce taxonomic resolution from species to genus. Uncertainty, over taxonomic accuracy stemmed from the inherent subjectivity of assessment, from fixation effects with the potential to bias microscopic identification (especially on soft bodied species) and from spatial and temporal variations in taxonomically significant morphological traits (Ruttner-Kollisko, 1972; Voigt and Koste, 1978) . The second important bias control measure was the use of a probability correction of differences in the vertical distances of sample hauls, which had a serious effect on zooplankton density and abundance estimates, and threatened to form a severe impediment to lake community assessment. The vertical distance of a net haul determines the volume of filtered lake water from which plankters are enumerated, and thus the value that is divided or multiplied to calculate density (Ind l ) (Hauser, 1981) . These calculations are thereby directly related to the length of the net haul and do not consider actual vertical distribution, which is generally either patchy or a non-linear correlative of depth (Chang et al., 2008) . To compensate for the disruptive effect of differing vertical haul distances, a function for the vertical distribution of rotifers was developed and applied to correct the derived abundance data. The shortcomings of the function are a lack of sensitivity to species and season, but it stands as a first and apparently appropriate attempt to enhance the accuracy and comparability of an otherwise compromised dataset and appears to be validated by the consistent development of density data when changes in sampling depth were introduced. The bias caused by differing sampling depths (cf. Fig. 2 ) is a widespread but largely ignored problem which cannot be overcome by simply transforming biased results e.g. to biomass (cf. Salmas and Naselli-Flores, 1999). After implementation of the two correction measures, described above, the resultant time series developed without breaks and covariates of experimenter or method change no longer significantly inform model statistics.
The dataset is based predominantly on net samples taken with an Apsteinnet (1989 onwards). For Lake Constance, rotifers samples taken with mesh sizes of 30 μm and 50 μm did not differ significantly . Length of net haul was 0-50 m or accordingly corrected. No data are available to evaluate or correct for effects of the mesh size 107 μm which was used with the Nansen net during the monitoring programme in the years < 1972. Effects of mesh size were reported by e.g. Likens and Gilbert (1970) , Ejsmont-Karabin (1978) and Walz et al. (1987) . Long net bags tend to have greater catch efficiency than short ones, but a larger mesh size will reduce catch efficiency for small rotifers (cf. . But, as pointed out above, these variables did not significantly inform model statistics, the influence of net type on catches appears to be negligible. Effects apparently cancelled each other out. This assessment is further corroborated by total rotifer abundances recorded when the survey resumed after a break in 1989 with the Apstein net, which are directly compatible (in abundance and diversity) with those recorded earlier in the investigation. The observed decline in rotifer numbers began when the Apstein net had already been in use for about 2 years. Hence, the described changes of the rotifer population cannot be affected by the change of netgear.
As a general rule, the correlation between lake trophy and rotifer abundance tends to be a positive one. Balvay and Laurent (1990) found an increase in both abundance and diversity of rotifers during the eutrophication of Lake Geneva. May and O'Hare (2005) showed spatial correlations between trophy and rotifer abundance in Loch Lomond and concluded that rotifer abundance might even be a better indicator of trophic state than species composition. In Lake Balaton, rotifer numbers were on average 10 times higher in lake areas with high primary production compared with oligo-mesotrophic zones (Zankai, 1989) . Thus the negative correlation between rotifer abundance and trophic condition in Lake Constance is striking and may indicate some kind of top down control by rotifer grazing predators (Yoshida et al., 2003) . Furthermore, the number of rotifer genera has declined significantly along with continuing oligotrophication. The lost taxa are invariably members of genera that were already scarce at the start of the monitoring period, but otherwise they lack any obvious shared ecological characterization (Ruttner-Kollisko, 1972; Voigt and Koste, 1978) that might account for their disappearance. Possible mechanisms preventing the recovery of diversity following restoration of near natural conditions may include some kind of premating isolation or ecological selection favouring hybrids, driven by the pronounced trophic changes (Gilman and Behm, 2011) .
The first drop of total rotifer biomass took place in 1992 after decades of comparatively stable levels despite simultaneously rapid trophic changes with phosphorus concentration raising from 30 μg L −1 to about 90 μg L . The stable rotifer biomass during this period indicates a considerable resilience to the extreme dynamics in trophic status. However, after 1992, biomass dropped abruptly while trophic status was still at the initial level of approximately 30 μg L −1
. During the shift back from eutrophic to mesotrophic conditions, a loss of rotifer diversity set in as shown by the decline of Shannon-Weaver diversity index. This could in part explain the reduced ability of the rotifer community to maintain biomass. The abrupt biomass decline might be driven by diversity loss and concomitant nutrient reduction; however, other factors such as invasive alien species (IAS), warming effects (Stich and Brinker, 2010) or fish community, might also play a role.
In addition to the general trends observed, the data show distinct changes in interannual variations, with large fluctuations during the oligotrophic phases and small ones during the intervening eutrophic period. In general, rotifer population dynamics are based on water temperature, quality and quantity of food, competition and predation, and on the interplay of these parameters. In the case of Lake Constance, the rotifer community appears to be shaped by exploitive and interference competition as outlined by Gilbert (1988 Gilbert ( , 1989b , and by predation pressure (Plaβmann et al., 1997) . During the initial oligotrophic phase, competition with Daphnia, the main herbivore during summer was intense, and fish predation pressure was also high. During the eutrophic phases in ULC, competition was reduced for both rotifers and Daphnia but fish predation pressure in the pelagic zone increased as a result of immigration of cyprinids and perch (Hartmann, 1982) . These implications will be analysed in a subsequent paper on crustacean dynamics (Stich and Brinker in prep) .
Another explanation is that the high interannual variations may be simply an unintentional artefact of methodological variation (Herzig, 1987) . For example, a low temporal sampling frequency is inadequate for describing rapid changes in rotifer population dynamics and will generate irregular seasonal changes in species density. The present dataset reflects a good but varying temporal sampling frequency, as in the early part of the monitoring period, sampling frequency fluctuated between weekly and biweekly, and declined to biweekly from 2000 onwards. To avoid biasing effects stemming from this inconsistency, the present evaluation used only monthly averages. Furthermore, it must be noted that the difference in the community grazing rates achieved by rotifers and crustaceans does not reflect this variation and, therefore, seems to be robust to trends in abundance and taxonomic diversity (Table III) .
It is interesting to note that despite the discussed dynamics and loss of species accompanying nutrient transitions, no significant response of the functional feeding groups was seen, contrasting with the situation in, for example, Lago Maggiore (Obertegger et al., 2006) . It is possible that such effects have been lost by subsuming taxonomic data to genus level.
Notwithstanding that actual grazing rates depend on a variety of factors including body size, abundance, selectivity, feeding mode and zooplankton community composition, and on the size, amount and ingestibility of food (bacteria, ciliates flagellates, phytoplankton) (Peters and Downing, 1984; Welschmeyer et al., 1984; Gilbert, 1989a; Fussmann, 1996; Agasild and Nöges, 2005) , the most striking and unexpected outcome of the current study concerns community grazing pressure. Though the grazing rates calculated here are approximations, they reveal robust trends tracking trophic changes and apparently concomitant shifts between top down and bottom up control of both rotifers and crustaceans. During the early part of the monitoring period, grazing by crustaceans exceeded that of herbivorous rotifers clearly, as expected. Pressure from both groups decreased with the onset of eutrophication, but the decline in crustacean grazing was far more pronounced, and while rotifer grazing rates recovered as oligotrophic conditions were restored, crustacean grazing rates remained low. As a result, the herbivorous rotifer community eventually replaced crustaceans as the predominant planktonic grazers albeit never reaching the high values previously observed for crustaceans at the start of the study. To our knowledge, Lake Constance is the only large, deep lake where the community grazing rates of rotifers exceeds that of crustaceans. This striking departure from the pre-eutrophication scenario implies a distinct but hitherto unrecognized change in food web dynamics. Candidate drivers include trophic reversal, climate change, predation, invasion of neozoa and composition of the phytoplankton community, or quite possibly a combination of these effects. Whatever the case, the change is likely to have significant implications for the pelagic food web. It is possible, for example, that the recent domination of pelagic waters by the invasive three-spined stickleback (Alexander et al., 2016) might be linked to this phenomenon. The evolving impacts of these changes on the phytoplankton community will be investigated in a subsequent paper (Stich and Brinker, in prep) .
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